Mycocin production was demonstrated in Trichosporon pullulans, which is a dominant member of the yeast community in tree exudates released in the early spring (spring sap). Mycocin synthesis was associated with dsRNA-containing virus-like particles. Natural strains of Tr. pullulans free of dsRNA have a sensitive phenotype, and a mycocinogenic strain cured of small dsRNA becomes sensitive to its own mycocin. The mycocin studied was active against isolates from tree exudations only but not against Tr. pullulans strains isolated from other habitats. No activity was found against any other yeast species. The competitive advantage of mycocin production at the population level was exemplified by the predominance of mycocinogenic strains both in laboratory model communities and in natural populations. ß
Introduction
In the early spring nutrients £ow from the roots towards dormant buds of deciduous trees. If the vascular system (the xylem) is injured, exudates, referred to as spring sap, are released abundantly (from early April to early May in the temperate zone of East Europe) at the wounded sites, and become heavily colonized by microorganisms, including yeasts [1^4] . The distinctive features of the spring sap habitat are short duration, wide £uctuations in temperature (from below 0 ‡C at night to above +20 ‡C in the afternoon), high sunlight intensity, and an uninterrupted supply of sugar-rich but nitrogen-de¢cient xylem sap.
During the initial phase of exudation the density of yeast populations is low but it becomes very high as the season progresses. The drastic proliferation of the yeast populations occurs when the minimal daily temperature exceeds 0 ‡C. Community composition is also subject to great change. Initially, the yeast community is highly diverse containing species of the genera Bullera, Candida, Cryptococcus, Debaryomyces, Leucosporidium, Metschnikowia, Nadsonia, Rhodotorula, Sporobolomyces, Sterigmatomyces, Trichosporon and Xanthophyllomyces. However, towards the end of the exudation period the community consists of only 1^3 species, Trichosporon pullulans (Lindner) Diddens et Lodder, Xanthophyllomyces dendrorhous Golubev and Nadsonia fulvescens (Nadson et Konokotina) Sydow var. elongata (Konokotina) Golubev et Smith. Similar to the succession observed in nature, the last-mentioned species have been shown to displace the initial yeast species during continuous cultivation of mixed cultures under laboratory conditions [5] . The late-colonizing organisms are characterized by low survival of alternating freezing and thawing, by oligonitrophily and by higher growth rates than the primary yeast species [6] . Probably these attributes are responsible for yeast succession in this habitat.
In addition, competitive interactions of yeasts mediated through mycocin (killer toxin) secretion can also be involved in shaping the yeast community [7] . Mycocinogeny is now recognized as common in yeasts [8] , especially in communities with relatively high population density. Mycocins are often encoded by extra-chromosomal genetic elements, and the presence of linear dsDNA plasmids or/ and dsRNA-containing virus-like particles (VLP) has been demonstrated in Tr. pullulans [9] and X. dendrorhous [101 2]. However, data on their association with a particular biological function are lacking or discrepant.
In this paper we demonstrate the presence of mycocinogenic activity in Tr. pullulans isolated from spring sap £ows and the association of this activity with VLP.
Materials and methods

Strains and culture conditions
Tr. pullulans strains used in this study, and their origin, are listed in Table 1 . All other cultures examined for sensitivity to Tr. pullulans mycocins were from the Russian Collection of Microorganisms (VKM) (http:// www.vkm.ru). Three-day-old cultures grown on malt agar (3% malt extract and 2% agar) or in YPD (2% glucose, 2% peptone and 2% yeast extract) medium at 20 ‡C were used for the experiments.
Birch exudates were sampled in mid-and late April from two sites in the neighborhood of Pushchino (Moscow region, Russia). The exudates were diluted with sterile water and plated on an agar medium containing 1% glucose, 0.5% peptone, 0.1% yeast extract and 2% agar (w/v), which was acidi¢ed to pH 4.5 with lactic acid. After each sampling (15 and 22.04.2000) around 100 colonies of Tr. pullulans type were picked for identi¢cation [13, 14] and for testing mycocinogenic activity against the Tr. pullulans strain VKM Y-273.
Assay for mycocinogenic activity
The assay media were malt agar and a medium containing 0.5% glucose, 0.25% peptone, 0.2% yeast extract, 5% glycerol and 2% agar (w/v) bu¡ered with 0.05 M citratep hosphate bu¡er to obtain pH values in the range of 3.56 .0 (at 0.5 intervals). A 0.05 ml portion of an aqueous suspension containing 10 5 cells ml 31 of the strains to be examined for sensitivity was placed on the surface of the agar medium. The sample was thoroughly dispersed with a spreader. Then a loop-full of the strains to be tested for mycocinogenic activity was streaked. The plates were incubated at 18 ‡C until growth of the strains, which was dispersed on the plates, appeared as a lawn.
Mycocin production and characterization
Glucose^peptone medium (pH 4) without glycerol and agar (see section 2.2) was used for mycocin production by Tr. pullulans. After 3 days of incubation (150 rpm, 18 ‡C), yeast cells were separated by centrifugation (3000Ug, 30 min) and the supernatant was ¢ltered through glass micro¢ber ¢lter GF/A (Whatman, Maidstone, UK). This preparation was used to study the killing e¡ect and to estimate the resistance of the mycocin to elevated temperatures (40 ‡C, 100 ‡C), to pronase E (Sigma, St. Louis, MO, USA) and to protease from Xanthomonas sp. (1 mg ml 31 , 20 ‡C, pH 7.0, 1 h) by the agar well method. Wells were cut in the assay medium using a sterile borer (10 mm diameter). Samples were pipetted into the wells and incubated at 18 ‡C until growth of the lawn strain VKM Y-273 appeared. To detect mycocin di¡usion through dialysis membranes with a molecular weight cut-o¡ of 6^8 and 15 kDa (Spectrum, Houston, TX, USA) the mycocinogenic strain was grown on agar plates covered with these membranes. After incubation for 1 week the membranes and the cultures on them were removed. The sensitive strain was then inoculated on the agar plates that were incubated at 18 ‡C until growth appeared as a lawn on the plate.
Mixed-strain cultivation
Glucose^peptone medium (pH 4) without glycerol and agar was used for mixed-strain cultivation. The medium was inoculated with a 1:50 mixture of mycocinogenic and sensitive strains harvested in the exponential phase. The total cell density was 2U10 3 cells ml 31 at the time of inoculation. Growth was determined by plating cell suspensions on glucose^peptone agar. For di¡erential counting of the individual strains plating was also done on yeast nitrogen base (6.7 g l 31 , Difco, Detroit, MI, USA) solidi¢ed with agar and containing 1% D-ribose. We have previously found that this pentose is assimilated by mycocinogenic but not by sensitive strains of Tr. pullulans.
Curing experiments
Fresh cultures were diluted with water to a density of about 10 4 cells ml 31 . Aliquots of 0.1 ml were plated on yeast morphological agar (Difco) containing 0.02% cycloheximide (Serva, Heidelberg, Germany) and incubated at 18 ‡C. Alternatively, aliquots were plated on malt agar with incubation at 23 ‡C, which is close to the maximal growth temperature for the mycocinogenic strains (24 ‡C). After 1^2 weeks of incubation, single colonies were selected at random and assayed for their mycocinogenic activity and sensitivity to mycocin from the parent At least 60^70 colonies were tested for each treatment.
Nucleic acid isolation and analysis
For the minilysate method, cells were harvested by centrifugation, resuspended in 1.5 ml enzyme solution (10 7 cells ml 31 in 2% snail gut enzyme (Dept. Microbiology, Univ. Szeged, Hungary), 0.25% NovoZym (Calbiochem, San Diego, CA, USA) in 1.2 M KCl) and incubated for 30 min at room temperature. The spheroplasts were pelleted by centrifugation, washed with 1.2 M KCl, resuspended in 54 Wl of 50 mM Tris^HCl (pH 8.5), 5 mM EDTA, 0.3% SDS and 50 Wg ml 31 proteinase K (Sigma) and incubated for 1 h at 65 ‡C. After removing the cells and cell debris by low-speed centrifugation, 10 Wl of the supernatant was mixed with 3 Wl of Bromophenol Blue, loaded onto agarose gels and analyzed by electrophoresis as described elsewhere [15] . In enzymatic treatment, the samples were digested with RNase A (Sigma, 50 Wg ml 31 ) in TE bu¡er or in 2USSC, and with DNase (Sigma, 50 Wg ml 31 ) in TE bu¡er supplemented with 5 mM MgCl 2 (30 min, 37 ‡C).
Plasmid DNA was puri¢ed from protoplasts with the method of Williamson and Fennell [16] . Four grams of CsCl was solubilized in 4 ml of protoplast^lysate, bisbenzimide (Sigma) was added (¢nal concentration 100 Wg ml 31 ) and the samples were centrifuged in a Sorvall 70 V6 vertical rotor (50 000 rpm, 24 h, 15 ‡C). DNA bands were collected and puri¢ed by the GENECLEAN0SPIN Kit (Bio101, Inc., Carlsbad, CA, USA) according to the instructions of the manufacturer.
A previously described method [17] was employed to isolate mitochondrial DNA or DNA plasmids located in the mitochondria.
Molecular weights were calculated from the marker V-pUC mix (Marker IV, Fermentans AB, Vilnius, Lithuania), with GelBase/GelBlot Pro Gel Analysis Software (Ultra Violet Product Ltd., Upland, CA, USA), in the case of dsRNA with correction for the di¡erence between the mobilities of dsRNA and dsDNA [18] .
Isolation of VLP
Cells were washed in ice-cold 0.1 M phosphate bu¡er (pH 7.4), resuspended in the same bu¡er and disrupted by a French-press (20 000 i). Unbroken cells and cell debris were pelleted by centrifugation (25 000Ug, 4 ‡C, 20 min). For RNase protection assay the supernatant (crude homogenate) was extracted with phenol^chloroform and then digested with RNase A (Sigma, 50 Wg ml 31 , 30 min, 37 ‡C). This treatment was also carried out before phenol^chloroform extraction. VLPs were isolated from the supernatant by gradient centrifugation [19] , stained negatively with 2% uranyl acetate and examined with a Zeiss OPTON EM902 electron microscope.
Results
A principal trait of mycocins in general is their speci¢c activity against organisms related to mycocinogenic strains [8] , screening for this activity was conducted among Tr. pullulans strains. Mycocinogenic strains (VKM Y-2302, Y-2303 and Y-2304) were found among Tr. pullulans isolates from birch slime £uxes but not among isolates from plants and soil (Table 1) . Other strains isolated from tree exudations (VKM Y-273, Y-819) and the Tr. pullulans type strain VKM Y-2833 were sensitive to the growth inhibiting activity of these three strains. In contrast, all the tested soil and plant isolates of this species (BC-12, BC-59, BC-121, BC-125, BC-132, K-276, VKM Y-1950) were insensitive.
The inhibiting activity was expressed on growth media at pH 3.5^4.0, whereas no activity was seen at pH 4.5 and above. The broader inhibition zones developed at pH 4.0 and in the presence of glycerol in the assay medium ( Table 2 ). The secreted factor had fungicidal action against sensitive strains as exempli¢ed for the toxin from strain VKM Y-2303 tested on strain VKM Y-273 in Fig. 1 . It was thermolabile as the activity was completely lost after 1 min of incubation at 100 ‡C and after 2 min at 40 ‡C. Fungicidal activity was also lost after treatment with pronase E and protease from Xanthomonas sp. [20] . The toxin did not di¡use through dialysis membranes with a molecular mass cut-o¡ both of 6^8 and 15 kDa.
The factors produced by three strains of this species did not inhibit growth of any other of the yeasts tested, representing 130 species belonging to 46 genera (190 strains, Table 3 ). Moreover, in some cases growth of the tested strains was stimulated in the vicinity of the killer strains.
The killer phenotype in Tr. pullulans VKM Y-2303 could be eliminated by growing cultures at elevated temperature or by treatment with cycloheximide. Non-mycocinogenic clones represented around 2% of surviving population in the former case and around 20% in the latter Table 2 The e¡ect of pH value (citrate^phosphate bu¡er) and the presence of one. These cured cultures were found to be sensitive to the mycocin of the parent strain or to have a neutral phenotype. Agarose-gel electrophoresis of total nucleic acids obtained by the minilysate method showed that apart from chromosomal DNA all Tr. pullulans strains contained a 16-kb DNA plasmid (data not shown). The mycocinogenic strain VKM Y-2303 contained in addition two bands of 5.1 and 1.6 kb (Fig. 2, lane 3) . These bands represented dsRNA since both of them were resistant to DNase and to RNase treatment in high-salt concentration bu¡er (2USSC), but RNase sensitive under low-salt conditions. The results of RNase protection assays indicated the presence of a protein capsid associated with both types of dsRNAs as deproteinization was necessary for enzymatic digestion (Fig. 3) .
The sensitive culture 2303-7c, obtained from the strain VKM Y-2303 after curing with cycloheximide, was devoid of the smaller dsRNA (Fig. 2, lane 2) whereas the neutral culture 2303-15t, obtained after growing at marginal temperature, contained both types of dsRNA (Fig. 2, lane 1) .
The sensitive strain VKM Y-273 did not carry dsRNA (Fig. 2, lane 4) but contained a DNase sensitive plasmid (5.6 kb) that was copuri¢ed with the mitochondrial DNA on CsCl gradients (Fig. 4) . However, DNA plasmids could not be detected in mitochondria isolated from this strain and, therefore, the 5.6-kb DNA plasmid had a cytoplasmic localization.
The electron microscopic analysis of cell-free extracts obtained after gradient centrifugation revealed isometric VLPs with a size of 30 nm in the mycocinogenic strain VKM Y-2303 (Fig. 5) . In addition to two major species (5.1 and 1.6 kb) of the dsRNAs (demonstrated by minilysate method as well, Fig. 2 ) the two other dsRNAs (1.9 and 1.3 kb) were copuri¢ed with the VLPs as revealed by gel electrophoretic analysis (Fig. 6) . They seemed to have a much lower copy number as they showed only weak £uo-rescence on the gel.
To investigate a possible bene¢t of mycocin production, a competition experiment between mycocinogenic and sensitive Tr. pullulans strains was carried out. The experiment showed that a rather low cell concentration of a mycocinogenic strain is su⁄cient to displace a much larger population of a sensitive strain (Fig. 7) . At the initiation of the experiment, the ratio between the mycocinogenic strain and the sensitive strain was 1:50. During the 160-h incubation this proportion gradually increased reaching a val- ue of 3:1 at the end of the experiment. Evidence for an analogous displacement was obtained from analysis of natural populations of Tr. pullulans in the spring birch exudations. In mid-April the incidence of mycocinogenic strains was only 3^4% of 88 isolates, whereas in late April they represented 20^40% of 82 Tr. pullulans isolates.
Discussion
Sensitivity to elevated temperatures and proteolysis demonstrated the proteinaceous nature of the Tr. pullulans fungicidal factor (Fig. 1) , which had a molecular mass above 15 kDa as shown by dialysis experiments. Secretion of proteins having toxicity speci¢c for related yeasts is known as mycocinogeny [8] , and mycocin production is always associated with a speci¢c mycocin immunity [21] . Mycocin synthesis in the species studied appears to be controlled by extra-chromosomal determinants, as the mycocinogenic activity is lost after treatment with plasmideliminating agents [22, 23] .
Our data support the assumption that mycocin production in Tr. pullulans is associated with VLPs containing dsRNAs. First, dsRNA species of 5.1 and 1.6 kb were found in the mycocinogenic strain VKM Y-2303 and not in the sensitive strain VKM Y-273 (Fig. 2, lanes 3 and 4) . Secondly, these RNA species were associated with 30-nm VLPs isolated from the mycocinogenic strain VKM Y-2303 (Figs. 5 and 6 ). Moreover, curing of small dsRNA from the mycocinogenic Tr. pullulans strains resulted in loss of activity and immunity to the mycocin of the parent strain as seen for strain 2303-7c (Fig. 2, line 2) . It is apparent that this type of dsRNA encodes a mycocin containing a component, which gives immunity. The strain 2303-15t contained both types of dsRNAs (Fig. 2, lane  1) and retained immunity. Such neutral Saccharomyces cerevisiae strains contain the genetic determinants for mycocin synthesis, either the mycocin is produced in an inactive form or it is not secreted [24] .
Comparable virus-encoded mycocinogenic systems exist in ascomycetous yeasts [25] and also in the basidiomycetous yeast, Cysto¢lobasidium bisporidii that is phylogenetically related to Tr. pullulans [26] . A mycocinogenic strain of Cyst. bisporidii harbors also two types of icosahedral VLPs (diameter 33^35 nm) that contain dsRNAs with molecular sizes of 5 and 1.8^1.9 kb. They have a single coat protein of 80 kDa and possess RNA polymerase activity [27] . Besides two main types of dsRNA (5.1 and 1.6 kb) two minor RNAs (1.9 and 1.3 kb) were copuri¢ed with the VLPs (Fig. 6) . It is possible that these dsRNA are intermediates of the RNA replication process.
Previously, a linear DNA plasmid (16 kb) has been found in Tr. pullulans [9] and it was also found in all four strains examined in the present study. Besides this plasmid we observed a smaller DNA plasmid with an estimated size of 5.6 kb in the mycocin-sensitive strain VKM Y-273 (Fig. 4) . It is evident that these cytoplasmic DNA plasmids are not related to mycocinogeny since the large plasmid was present in all strains and small one was ab- Tr. pullulans mycocins have a very narrow target range. They were active only against strains of the same species and, furthermore, only against isolates from spring sap £ows. Tr. pullulans strains obtained from other habitats (Table 1) were resistant to the mycocins studied. Some of the tested isolates most likely represent a separate species or variety since DNA reassociation values of the soil isolates, BC-59 and BC-132, with the type strain of Tr. pullulans VKM Y-2833 were 62^71%. In contrast, DNA of tree exudation isolates reassociated at 93^100% [28] .
Given their narrow range of activity, it is evident from changes in the frequency of mycocinogenic and sensitive phenotypes in mixed-culture fermentation (Fig. 7) and in natural populations that the primary role of Tr. pullulans mycocins is to mediate population-level interactions.
Although the present data demonstrate a signi¢cant advantage gained from mycocin production this ability can be easily lost in Tr. pullulans as indicated by a predominance of sensitive isolates among populations initially colonizing spring sap £ows. It is possible that cell reorganization leading to arthrospore formation and unfavorable conditions (elevated temperatures, desiccation) after cessation of sapwood £ow promote an elimination of the extrachromosomal genetic determinants necessary for mycocin synthesis. 
